pH, oxygen supply, and nutrient supply. In pure culture, environmental changes had marked effects on the Shigella populations. Klebsiella populations were not affected except at 44 C or when aerated; under these conditions, the populations were smaller. In nonaerated mixed culture, under different conditions of temperature, pH, and nutrient supply, Klebsiella interfered with the multiplication of Shigella. Exponential growth of Shigella was interrupted at about the time Klebsiella populations attained a maximal size. In contrast, the presence of Klebsiella in an aerated mixture had little or no effect on Shigella multiplication because Klebsiella failed to attain a maximal population. Different environmental conditions resulted in different Klebsiella to Shigella ratios in mixed cultures. When conditions were favorable for Shigella multiplication, as shown by pure culture controls, the proportion of Shigella in the mixture was generally greater than when conditions were unfavorable.
The majority of studies dealing with the effects of environment on bacterial population growth have been limited to pure cultures of bacteria. Numerous papers on this subject were summarized by Williams and Spicer (1957) and Meynell and Goodner (1961) . In mixed cultures, the emphasis has been on the interactions be- tween the bacteria (Waksman, 1945) . The outcome of population growth has often been interpreted as the direct effect of one organism on another. Bowling and Wynne (1951) , for example, attributed the antagonistic activity of Aerobacter in mixed culture to a direct effect involving close contact of Aerobacter cells with cells of the inhibited species. Later. Wynne and Norman (1953) broadened their interpretation of antagonism to include, in this case, indirect effects operating through a hypothetical metabolic product.
In the ecology of higher plants and animals, antagonism, such as predatory behavior or parasitism, is of comparatively little importance. The external environment, on the other hand, plays an important role in the ecology of these forms. With respect to microorganisms, relatively little is known concerning the effects of environment on the growth of mixtures of bacteria. Freter (1962) Alterations in oxygen supply. Control determinations were made under stationary conditions in an air incubator set at 37 C. Cultures to be aerated were placed in a "MXIigitator" (Elmac Engineering Co.), which rotated tubes in a horizontal position at, 25 rev/min inscribing a circle with a 3.5-in. diameter. The apparatus was put in an air incubator set at 37 C. For conditions of reduced oxygen supply, tubes containing, 10 ml of synthetic medium were placed in a boiling-water bath for 10 min to remove dissolved oxygen. Tubes were then placed in an ice bath for about 1 min to cool. W=hen cool, they wrere inoculated. Immediately after inoculation, a 1-cm layer of melted petrolatum was poured on the surface of the liquid medium.
The efficacy of this method for reducing oxygen supply was tested by methylene blue reduction.
Control tubes containing 0.002 % methylene blue become colorless after 10 min in the boilingwater bath, indicating reduced conditions in the medium. Cooling and inoculating caused slight reoxygenation of the medium, as shown by development of a light-blue color. The color disappeared after a few hours in the incubator.
Alteration of nutrient concentration. Culture medium of standard strength was designated as 1 X. In dilute medium, designated as 0.1 X, the concentration of the organic constituents, glucosamine, glutamic acid, and niacin, was reduced to 0.1 times standard concentration. In concentrated medium designated as 10 X, the concentration of organic constituents was increased to 10 times standard concentration, and NaCl was eliminated to minimize the increased molarity over the standard.
Determination of population size. Fig. 1 show that Shigella populations varied considerably with changes in environment. Under standard conditions, the 27-hr populations were in the neighborhood of 107 cells per mnl of medium. At 44 C, the average count was only two cells. Other low counts were recorded at 30 C, in medium at pH 6, in anaerobic medium, and in dilute medium (0.1 X). Populations were equivalent to standard in medium at pH 8 and in concentrated medium (1OX).
The lower row of bar graphs in Fig. 1 represents population sizes of the organisms multiplying in mixed culture. As with pure cultures, Shigella populations varied with environmental changes. Under standard conditions, Shigella population sizes were about 104 cells per ml. Low counts were recorded at 30 and 44 C, at pH 6, under static or anaerobic conditions, and in dilute medium. Counts were highest in concentrated medium and when cultures were aerated. Klebsiella population sizes, as with pure cultures, were from 108 to 4.0 X 108 cells per ml except when the cultures were aerated or incubated at 44 C. Under these conditions, the populations were smaller.
The influence of mixed culture growth on population sizes can be examined by comparing corresponding bar graphs for the organisms in pure and mixed culture. In Fig. 1 , the bar graphs for Klebsiella in the upper portion of the figure are almost identical with the bar graphs in the lower portion of the figure. Klebsiella populations were about the same size in pure and mixed culture. A comparison of the bar graphs for Shigella in Fig. 1 shows that the overall pattern of bar heights is similar in the upper and lower portions of the figure, but the bars are generally shorter in the lower portion of the figure. Shigella populations were smaller in mixed culture than in pure culture with two exceptions. When cultures were aerated or when they were incubated at 44 C, the Shigella populations in pure and mixed culture were nearly the same.
Typical growth curves for Shigella and Kleb- Fig. 2 . The solid line represents growth curves for Klebsiella in both pure and mixed culture. The points from which pure and mixed culture curves were plotted were so close that both are represented by a single line. Klebsiella curves show that the multiplication rate, the length of the exponential phase, and the maximal population for Klebsiella were the same in pure and mixed culture. The broken lines represent growth curves for Shigella in laure and mixed culture. In the early stage of the growth cycle, pure and mixed culture curves are identical, suggesting that multiplication rates were the same. The curves show that the exponential phase was interrupted in mixed culture and that its maximal population size was smaller than in pure culture. The dotted lines were obtained by extrapolating the growth curves in a manner based on the interpretation of growth curve forms by Buchanan (1918) . These lines show that the exponential phase for Shigella in mixture was interrupted at about the same time the Klebsiella strain attained a maximal population.
The populations for Shigella were nearly the same in pure and mixed culture when cultures were aerated or when they were incubated at 44 C. Figure 3 shows Table 2 gives the KlebsiellaShigella ratios at 27 hr under different conditions of environment. The ratio between the organisms was greatest under static and reduced conditions and when the medium was at pH 6. The ratio was smallest under conditions of aeration, when Shigella multiplied without interference in mixture, and when Klebsiella failed to attain its usual population maximum.
DIscussION
The experimental evidence indicates that environment greatly influences the population equilibrium between Klebsiella and Shigella. Table 2 shows, in the aeration experiments, that the equilibrium ranged from a ratio of 50:1 to a ratio of 3,100,000:1. In other words, a 62,000-fold difference in the equilibrium ratio occurred as the result of the alteration of a single known factor in the environment, the oxygen supply. Table 1 shows that Klebsiella population sizes were relatively constant under the environmental conditions employed. Differences in Klebsiella-Shigella ratios were due primarily to differences in Shigella population sizes in mixed culture under the different environmental conditions. In general, if Shigella grew well in mixed culture, it also grew well in pure culture. At pH 7, for example, the Shigella population in mixed culture was 1.09 X 104 cells per ml, and in pure culture 6.02 X 101 cells per ml. At pH 6, on the other hand, the Shigella population was only 1.32 X 102 cells per ml in mixture and 6.50 X 102 cells per ml in pure culture. Shigella populations at pH 7 were larger than at pH 6 in both pure and mixed cultures. Klebsiella populations were about the same at pH 6 and pH 7. Examination of mixed cultures alone would suggest that inhibition of Shigella by Klebsiella was greater at pH 6 than at pH 7. Pure culture controls were necessary to establish that, in mixture at pH 6, the smaller Shigella population was due to an environmental effect rather than an "organism on organism" effect. This illustrates the importance of analyzing the influence of environmental factors when drawing conclusions about the relationships between organisms.
The experiments show that it is possible to regulate the equilibrium ratio between the organisms to some extent by adjusting the environment. On aerating the medium, for example, the Klebsiella-Shigella ratio was reduced from 3,100,000:1 under stationary conditions to 50 (Fig. 2) . In one instance, when Shigella multiplied without interference from Klebsiella (Fig. 4) , a stationary phase for Klebsiella did not occur. These results suggest that the mechanisms responsible for Shigella antagonism are also responsible for the Klebsiella stationary phase.
The stationary phase has been attributed at one time or another to exhaustion of essential nutrients (Monod, 1942; Van Niel, 1944) , accumulation of acid (Cohen and Clark, 1919) , attainment of "M-concentration" (Bail, 1929) , accumulation of toxic products (Chesney, 1916; McLeod and Gordon, 1922) , and depletion of oxygen (Rahn and Richardson, 1942) . Any one of these factors, or a combination, may be responsible for the concomitant cessation of Klebsiella and Shigella growth in culture medium. It does not seem likely that nutrient depletion was responsible. According to Monod (1942) , the maximal population size is proportional to whatever nutrient is limiting in the medium. Klebsiella and Shigella pure culture populations were approximately the same size in 1 X and lOX media (Table 1) . This indicates that nutrients were not limiting at these concentrations. Multiplication of both strains ceased in what appears to be a nutrient excess, suggesting that some other mechanism was responsible for growth cessation. Acid accumulation is an unlikely possibility. Klebsiella and Shigella multiplication at pH 7 was almost identical with multiplication at pH 8. When multiplication stopped in medium at pH 8, the pH of the medium had dropped to a value no lower than 7.5. From this, it appears that mechanisms other than acid accumulation or nutrient depletion were responsible for concomitant cessation of growth.
Von WVikullil (1932) stated that the sum of the population sizes of the species in mixed culture never exceeds the greatest population size attained by either of the species in pure culture. In other words, the sum of the "M-concentrations" in mixed culture is never greater than the largest "M-concentration" for one of the species in pure culture. This theory is difficult to prove or disprove unless the populations of the species in mixture are of the same magnitude. In these experiments, Klebsiella and Shigella populations were not of the same magnitude. The margin of error in determining the mean Klebsiella count in mixture was often greater than the total Shigella count. It is, therefore, impossible to evaluate the relationship between Klebsiella and Shigella in terms of "M-concentration."
Accumulation of toxic substances is another theory proposed to account for the stationary phase. It seems improbable that toxic substances were responsible for the concomitant cessation of Klebsiella and Shigella growth. Shigella grew out in supernatant fluids from Klebsiella broth cultures which had been incubated both for 24 and 48 hr. Furthermore, Freter (1962) showed that substances toxic to Shigella could not be demonstrated in broth culture filtrates of Aerobacter, E. coli, or Proteus, although these strains were antagonistic to Shigella in mixed broth culture. When Shigella was inoculated into culture filtrates, there was no decrease in its growth rate or population size as compared with fresh broth. Apparently, toxic substances did not cause the antagonism in the mixed cultures.
Freter's results showed that, in mixed cultures, antagonistic strains strongly reduced the culture medium and then successfully competed with Shigella for fermentable carbohydrates.
In the experiments described in this paper, it is possible that fermentative metabolism had proceeded to completion at the time Klebsiella attained a population maximum and Shigella growth ceased. Dagley, Dawes, and Morrison (1951) aerated a culture of Aerobacter aerogenes which had attained a population maximum under nonaerated conditions. Aeration increased metabolism and caused reinitiation of cell multiplication. Perhaps aeration of mixed Klebsiella and Shigella cultures, when growth ceases, would cause reinitiation of multiplication of both strains and permit Shigella to attain a population size equivalent to its population in pure culture. Additional work is needed to test this hypothesis.
Ecological principles are being applied with increasing frequency to pure culture bacterial population studies (Williams and Spicer, 1957; Meynell and Goodner, 1961) . In nature, bacteria usually exist as mixed populations. This investigation represents the application of ecological principles to a mixture of bacteria. The results illustrate the importance of the analysis of environmental effects on mixtures of bacteria when the outcome of population growth is being investigated. Mixed bacterial population studies can be approached effectively from an ecological viewpoint, i.e., an examination of the relationships between organisms and an analysis of the effects of environment on these relationships.
